**Core tip:** This study reveals that vitamin C maintained normal heart rate variability, blood pressure and sympathetic tone in type 2 diabetic rats. Thus, preventing the symptoms of cardiac autonomic neuropathy. This is done *via* mechanisms related to downregulation of oxidative stress, inflammation and dyslipidaemia. Vitamin C may therefore possess cardio-autonomic nerve protection potential and may be used to prevent the development of cardiac autonomic neuropathy in type 2 diabetic subjects.

INTRODUCTION
============

Cardiac autonomic neuropathy (CAN) is an independent predictor of cardiovascular-disease mortality and morbidity in diabetes. It is the impairment of autonomic control of the cardiovascular system in diabetic condition after the exclusion of other causes\[[@B1]\]. Diabetes is a metabolic disorder of multiple aetiology characterised by chronic hyperglycaemia with disturbances of carbohydrate, fat and protein metabolism resulting from defects of insulin secretion, insulin action, or both\[[@B2]\].

CAN has been detected at the time of diagnosis of diabetes in patients irrespective of age, suggesting that CAN presentation is not limited by age or type of diabetes and can occur before diabetes is evident clinically\[[@B3]\]. CAN is detected in about 7% of both type 1 and type 2 diabetes at the time of initial diagnosis and it is estimated that the risk for developing CAN increases annually by approximately 2% to 6% in diabetic patients\[[@B4]\]. Ziegler et al\[[@B5]\] estimated that about 20% of asymptomatic diabetic patients have abnormal cardiovascular autonomic function; and, with increase in diabetic age, CAN progresses and worsens\[[@B6]\]. The prevalence of CAN varies between 1% to 90% in patients with type 1 diabetes and 20% to 73% in patients with type 2 diabetes\[[@B5],[@B7]\]. This has been widely reported to be greater in type 2 diabetes (34.5%-65%) than in type 1 diabetes (25.3%-38%)\[[@B5],[@B7],[@B8]\].

In the aetiology of CAN, hyperglycaemia activates pathways such as the aldose reductase, polyol, hexosamine, protein kinase C and advanced glycation end products (AGEs) pathways all of which leads to the production of reactive oxygen and nitrogen species and consequently oxidative stress\[[@B4]\]. AGE is formed from non-enzymatic reactions between reducing sugars and proteins/lipids. This reaction results in the activation of inflammatory cascades and release of cytokines which may further lead to cell death or oxidative injury\[[@B9],[@B10]\]. In diabetic nerves, the biochemical damage induced by AGEs results in impaired nerve blood flow, diminished neurotrophic support and hence neuronal death\[[@B11],[@B12]\]. Low-density lipoproteins (LDLs), can be modified by glycation or oxidation to generate reactive oxygen and nitrogen species. Furthermore, oxidized lipids from LDL particles accumulate in the endothelial wall of arteries, monocytes then infiltrate the arterial wall and differentiate into macrophages, which accumulate oxidized lipids to form foam cells. Once formed, foam cells stimulate macrophage proliferation and attraction of T-lymphocytes which, in turn, induce smooth muscle proliferation in the arterial walls and collagen accumulation causing endothelial damage and atherosclerotic plaque formation\[[@B13]\].

Hence, glycation and oxidation of lipids/proteins is the basis for neuronal call damage, inflammation, endothelial dysfunction and atherosclerosis which may give rise to neuronal and cardiovascular abnormalities in diabetes. This makes reduction of oxidative stress an attractive therapeutic pathway in the prevention and/or management of CAN. Palacka et al\[[@B14]\] reported that type 2 diabetic patients taking an antioxidant cocktail had improved cardiovascular function. Antioxidants, like alpha lipoic acid, have been reported to improve autonomic functions\[[@B1]\] while chronic vitamin E administration has been shown to improve the ratio of cardiac sympathetic to parasympathetic tone in patients with type 2 diabetes\[[@B14],[@B15]\]. Vitamin E and alpha lipoic acid are lipid-soluble vitamins however, vitamin C (VC) is a very cheap and readily available aqueous phase antioxidant.

VC is capable of scavenging oxygen-derived free radicals in the aqueous phase before it gets to the lipid cell membrane. Besides, it is effective in the prevention of the non-enzymatic glycosylation of proteins\[[@B16]\]. It has also been reported to reduce oxidative stress, improve nitric oxide beneficial bioactivity, and enhance vascular and endothelial function in high dose\[[@B17]\]. High doses of VC have been shown to improve blood glucose regulation, reduce serum cholesterol and triglyceride in type 2 diabetic patients\[[@B18]\]. However, VC level has been found to be reduced in diabetic humans and rats\[[@B19],[@B20]\]. However, there is paucity of literature concerning effects of VC on cardiac autonomic neuropathy in type 2 diabetic subjects. This study, thus, hypothesises that administration of high dose of 1 g/kg·d of VC to type 2 diabetic subjects may improve cardiac autonomic function together with the risk markers of cardiac autonomic neuropathy such as dyslipidaemia, oxidative stress and inflammation. This study was therefore, carried out to investigate the effects of VC on cardiac autonomic innervation and function, oxidative stress, as well as dyslipidaemia in type 2 diabetic rats.

MATERIALS AND METHODS
=====================

Animal grouping
---------------

Thirty Wistar rats aged weighing 200-300 g were used for this study. The rats were bred in the animal house of Afe Babalola University Ado-Ekiti, Nigeria where they were exposed to a 12 h light and 12 h dark daily cycle. There were well cared for and humanely treated according to the Guide for the care and use of laboratory animals\[[@B21]\]. They were randomly grouped (*n* = 10) into control, diabetic and VC (ascorbic acid) treated. Rats in control group received standard chow and water ad libitum, while others received standard chow and 20%w/v fructose sweetened water freely for two weeks and a single dose of 150 mg/kg alloxan injection intraperitoneally to induce type 2 diabetes\[[@B22]\]. Animals with fasting blood glucose greater than 250 mg/dL were considered diabetic. There-after, VC group received 1 g/kg ascorbic acid (sigma) *via* oral cannula for four weeks after which experiments were carried out on the animals. Appropriate measures were taken to minimize pain or discomfort to the rats according to international ethical guidelines and as approved by the animal ethical committee of Afe Babalola University (ABUAD-AREC/2018/131).

Body weight measurements
------------------------

Body weight of the rats was measured using an animal weighing scale.

Blood pressures and heart rate measurement
------------------------------------------

Heart rate and blood pressures were measured using CODA Kent scientific Non-Invasive Blood Pressure system. Awake rats were restrained in a small animal holder after being acclimatised to it. A tail cuff was placed on their tail which measured blood pressures and heart rate *via* volume pressure recording mechanism.

Cardiac autonomic function assessment
-------------------------------------

The rats were anesthetised with 1 g/kg urethane injection intraperitoneally. Urethane produces anaesthesia with minimal effects on cardiovascular and respiratory systems, preserving cardiovascular reflexes and functions\[[@B23]\]. Hair around the limbs and chest was shaved and electrode gel was applied on these areas. Limb electrodes were clamped on the left and right forelimb, left hind limb, while neutral electrode was placed on the right hind limb. Chest limb was placed on the chest. Electrodes were connected to EDAN cardiomaq PC ECG which was connected to computer. Five minutes heart rate variability recording was done and analysed using both "Time domain" and "Frequency domain (Fast Fourier Transform)" analysis of power spectra density. Data from the frequency domain analysis was used to plot the autonomic balance chart.

Apolipoprotein A1 and B measurements
------------------------------------

Apolipoprotein (Apo) A1 and B were measured *via* immunoturbidimetric assay with kits purchased from fortress diagnostics, Antrim, United Kingdom. Each of the assay was according to manufacturers' instruction. A volume of 250 µL phosphate buffer of pH 7.4 was added to 8 µL of undiluted serum separated from blood collected from the ocular sinus of rats. This was read against a distilled water blank at 340 nm after which 50 µL of anti-Apo-antibody was added to the sample and incubated for five minutes. The resulting antigen antibody complex was read at a wavelength of 340 nm in a spectrophotometer. The difference in absorbance was used to determine concentration from the standard curve generated from absorbance of known concentrations of Apo.

Inflammation and oxidative stress markers
-----------------------------------------

Myeloperoxidase (MPO), nitric oxide (NO), super oxide dismutase (SOD), malondialdehyde (MDA), Ascorbic acid (VC) and glutathione (GSH) were assayed spectrophotometrically.

Tyrosine hydroxylase immunohistochemistry
-----------------------------------------

Tyrosine hydroxylase (TH) immunohistochemistry (IHC) was done on slides prepared from excised heart of rats fixed in formalin. At weeks two and four, rats from each group were anesthetised with urethane and sacrificed by cervical dislocation. Thereafter their hearts were harvested and prepared on slides. Tyrosine hydroxylase antibody (Biolegend, United States) was used to stain for sympathetic (dopaminergic) ganglion cells on the slides. The procedure for the immuno- histochemical staining was done according to the manufacturer's instruction. The microphotographs were scored using IHC profile on image J as positive, high positive or negative.

Statistical analysis
--------------------

Data were subjected to one-way ANOVA at α~0.05~ to test for statistical significance. Thus, *P* \< 0.05 was considered as statistically significant.

RESULTS
=======

There was significant (*P* \< 0.01) increase in the weights of the diabetic and treated rats, compared with control, at the point of diabetes induction ensuing fructose consumption (Figure [1](#F1){ref-type="fig"}). During the four weeks treatment period, there was significant (*P* \< 0.01) increased and progressive weight loss in diabetic rats shown in Figure [1](#F1){ref-type="fig"}. Weight loss was also observed in VC treated rats; however, this was not significant compared with control. Blood pressures and heart rate were significantly (*P* \< 0.001) increased in diabetic group, but not significantly (*P* \> 0.05) increased in VC treated group compared with control (Figure [2](#F2){ref-type="fig"}). The heart rate variability (HRV) reports of control, diabetic and VC treated rats are shown in the appendices. Power spectral density analysis of HRV revealed greatly (*P* \< 0.001) diminished high frequency (HF) and low frequency (LF) spectra in diabetic rats (Table [1](#T1){ref-type="table"}). In addition, time domain variables were significantly (*P* \< 0.01) reduced except for R-R interval which was significantly (*P* \> 0.05) increased by diabetes (Table [1](#T1){ref-type="table"}). However, VC treated rats showed no significant difference in HRV analysis compared with control (Table [1](#T1){ref-type="table"}). Autonomic imbalance was observed in diabetic rats as shown in Figures [3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}. Also Figure [4B](#F4){ref-type="fig"} shows very sparse scatter points forming a tight cluster in the Poincare plot of diabetic rats. Photomicrograph of TH immunohistochemistry shows densely populated TH positive nuclei (IHC profile score: High positive) at week two of diabetes and sparse TH positive cells (IHC profile score: Negative) at week four of diabetes. However, VC treated rats showed intact TH positive nuclei (IHC profile score: Positive) (Figure [5](#F5){ref-type="fig"}). Biochemical analysis of oxidative and inflammatory markers in the sera of the rats are shown in Table [2](#T2){ref-type="table"}. There was significant (*P* \< 0.05) increase in MPO, NO, SOD and LPO in diabetic rats, however, these markers were not significantly different in VC treated diabetic rats compared with control. Additionally, GSH and AA was elevated (*P* \< 0.05) by VC. Sera Apos are shown in Figure [6](#F6){ref-type="fig"}. Apo A1 was significantly (*P* \< 0.05) reduced in diabetic but increased in VC treated rats, while Apo B was increased (*P* \< 0.05) in diabetic but not in VC treated rats.

###### 

Heart rate variability in type 2 diabetic rats

  **HRV Indices**    **Control**      **Diabetic**                                  **Vitamin C**
  ------------------ ---------------- --------------------------------------------- ----------------
  HR (bpm)           282.2 ± 8        78.3 ± 17.5[c](#T1FN3){ref-type="table-fn"}   277.8 ± 11
  RR Interval (ms)   220.5 ± 14       872.5 ± 94[d](#T1FN4){ref-type="table-fn"}    222.7 ± 13
  Max/Min RR         3.4 ± 0.2        1.4 ± 0.2[a](#T1FN1){ref-type="table-fn"}     3.5 ± 0.1
  SDNN (ms)          72.1 ± 11        48.6 ± 1.6[a](#T1FN1){ref-type="table-fn"}    68.2 ± 7
  RMSSD (ms)         107.5 ± 11.5     65.1 ± 1.0[b](#T1FN2){ref-type="table-fn"}    98 ± 13
  TP (ms^2^)         45159.3 ± 7839   290.4 ± 0.5[d](#T1FN4){ref-type="table-fn"}   44927.8 ± 7832
  LF (ms^2^)         5434 ± 877       126.5 ± 4.6[d](#T1FN4){ref-type="table-fn"}   5338.7 ± 1198
  HF (ms^2^)         19574.1 ± 4019   108.4 ± 7[d](#T1FN4){ref-type="table-fn"}     14634.1 ± 4866
  nLF                5.9 ± 2.3        44.2 ± 2[c](#T1FN3){ref-type="table-fn"}      5.7 ± 1
  nHF                16.2 ± 3.4       38.5 ± 2[a](#T1FN1){ref-type="table-fn"}      13.4 ± 3

Results are presented as mean ± SE, *n* = 10;

*P* \< 0.05,

*P* \< 0.01,

*P* \< 0.001,

*P* \< 0.0001, significantly different from control. HRV: Heart rate variability; HR: Heart rate; RR interval: Interval between two QRS wave complex; SDNN: Standard deviation of successive normal intervals; RMSSD: Root mean square of the difference between successive normal RR interval; TP: Total power; LF: Low frequency; HF: High frequency; nLF: Normalised low frequency; nHF: Normalised high frequency.

![Body weight of diabetic and vitamin C treated rats. Results are presented as mean ± SE, *n* = 10. ^a^*P* \< 0.001, significantly different from control. VC: Vitamin C treated.](WJD-11-52-g001){#F1}

###### 

Markers of oxidative stress and inflammation

  **Markers**                **Control**   **Diabetic**                                 **VC treated**
  -------------------------- ------------- -------------------------------------------- --------------------------------------------
  MPO (µmol/mL/mg protein)   1.63 ± 0.3    2.3 ± 0.07[a](#T2FN2){ref-type="table-fn"}   1.62 ± 0.3[1](#T2FN1){ref-type="table-fn"}
  NO (M/dL)                  9.5 ± 0.3     20.1 ± 0.6[b](#T2FN3){ref-type="table-fn"}   8.7 ± 1.1[1](#T2FN1){ref-type="table-fn"}
  SOD (unit SOD/min)         0.7 ± 0.1     1.4 ± 0.04[b](#T2FN3){ref-type="table-fn"}   0.6 ± 0.1[1](#T2FN1){ref-type="table-fn"}
  LPO (nmol/mg protein)      8.1 ± 1.0     16.4 ± 1.2[b](#T2FN3){ref-type="table-fn"}   8.6 ± 0.7[1](#T2FN1){ref-type="table-fn"}
  GSH (mg/dL)                11.3 ± 1.0    5.89 ± 0.8[b](#T2FN3){ref-type="table-fn"}   9.2 ± 1.9[1](#T2FN1){ref-type="table-fn"}
  AA (µg/mL)                 61 ± 10.6     39.2 ± 2.0[b](#T2FN3){ref-type="table-fn"}   62.3 ± 6.2[1](#T2FN1){ref-type="table-fn"}

Results are mean ± SE, *n* = 10;

No significant difference from control;

*P* \< 0.05,

*P* \< 0.01, significantly different from control. MPO: Myeloperoxidase; NO: Nitric oxide; SOD: Super oxide dismutase; MDA: Malondialdehyde; GSH: Glutathione; AA: Ascorbic acid.

![Cardiovascular parameters of diabetic rats after vitamin C treatment. A: Systolic blood pressure; B: Diastolic blood pressure; C: Mean blood pressure; D: Heart rate. Results are presented as mean ± SE, *n* = 10; ^b^*P* \< 0.01, significantly different from control.](WJD-11-52-g002){#F2}

![Sympathovagal balance of diabetic and vitamin C treated rats. Results are presented as mean ± SE, *n* = 10; ^b^*P* \< 0.001 significantly different from control. LF: Low frequency; HF: High frequency.](WJD-11-52-g003){#F3}

![Autonomic imbalance was observed in diabetic rats. A: Autonomic balance diagram of diabetic rats after vitamin C treatment; B: Poincare plot of diabetic and vitamin C treated rats. DIAB: Diabetic; VC: Vitamin C; LF: Low frequency; HF: High frequency.](WJD-11-52-g004){#F4}

![Photomicrograph and immunohistochemistry profile of tyrosine hydroxylase antibody stained slices of cardiac tissue of diabetic rats after vitamin C treatment. A: Photomicrograph; B: Immunohistochemistry profile; C: Shows nuclei count per slice. Magnification: x 400.](WJD-11-52-g005){#F5}

![Apolipoprotein A1 and B in serum of diabetic rats after vitamin C treatment. A: Apolipoproteins B and A1; B: Percentage difference in apolipoprotein level compared with control; C: Apolipoprotein B/A1 ratio. Results are presented as mean ± SE, *n* = 10. ^a^*P* \< 0.01, significantly different from control.](WJD-11-52-g006){#F6}

DISCUSSION
==========

There was initial significant increase in weight in diabetic and treated groups after the two weeks of free fructose feeding before alloxan injection. Feeding rats with twenty percent fructose prior to alloxan injection induces a diabetic condition that closely mimics human type 2 diabetes with obesity and insulin resistance preceding hyperglycaemia\[[@B22],[@B24]\]. After alloxan injection, the diabetic rats continued to lose weight over the four weeks observational period and by the third week their weights were significantly less than control. However, the weight loss in the treated rats was controlled significantly by VC administration, such that by the third and fourth week their weight was stabilised and was the same with control. This means that VC facilitated a controlled and beneficial loss of excess weight gained during fructose feeding prior to alloxan injection. This is corroborated by the study of Molz et al\[[@B25]\] who reported the anti-obesogenic effect of VC on sugar intake.

The presence of hypertension, tachycardia, reduced or abnormal HRV, among others, are indication of CAN. However, this study has demonstrated the cardio autonomic protective potential of VC in the amelioration of CAN. Type 2 diabetes has been associated with the development of hypertension as shown in this study, with several mechanisms proposed to mediate the link between these two. However, normotension was achieved in diabetic rats treated with VC in this study. The blood pressure lowering potential of VC has earlier been reported\[[@B26],[@B27]\]. The mechanism by which VC may exert normotensive effect may be by improving endothelial function\[[@B27]\], and enhancing physiological nitric oxide synthase activities as demonstrated in this study and corroborated by Huang et al\[[@B28]\].

Resting tachycardia was evident in awake diabetic rats in this study. According to Vinik and Ziegler\[[@B29]\], resting tachycardia not only reflects vagal impairment, but also reflects autonomic dysfunction and sympathetic over reactivity. Normal resting heart rate was observed in VC treated diabetic rats; thus, VC preserved normal cardiac autonomic functions. Also, administration of VC to diabetic rats in this study restored normal cardiac reflex response to Ethyl carbamate (urethane). Urethane produces anaesthesia with minimal effects on cardiovascular and respiratory systems and maintains spinal reflexes. This was corroborated by this study as there was no significant difference between the heart rate of control rats when awake and when anesthetised with 1 g/kg urethane\[[@B23]\]. However, bradycardia was observed in anesthetised type 2 diabetic rats thus indicating abnormal cardiac reflex response resulting from autonomic dysfunction.

VC intervention was found to restore normal HRV in diabetic Wistar rats. The Standard deviation of the normal to normal intervals between adjacent QRS complexes (SDNN) resulting from sinus node depolarisations is widely accepted as a primary measure of autonomic influence on heart rate variability while the Root Mean Square of the Differences between Successive QRS intervals (RMSSD) is an estimate of the short-term components of HRV that reflects parasympathetic regulation of the heart. Both SDNN and RMSSD were reduced significantly in diabetic rats\[[@B30]\] thus, indicating depression of both parasympathetic and sympathetic control of the heart. However, administration of VC to type 2 diabetic rats restored normal autonomic control of heart rate variability as SDNN and RMSSD were augmented back to levels similar to control, indicating that VC may have cardio autonomic protective effects\[[@B31]\]. Total power, LF and HF were significantly reduced in type 2 diabetic rats. Total power is a measure that reflects the overall autonomic activity where sympathetic activity is a primary contributor; HF represents parasympathetic (vagal) control of the heart, while LF represents mainly sympathetic modulation of heart rate. The reduction in total power, LF and HF shows that both parasympathetic and sympathetic control of the heart were at very low levels and close to being lost. General reduction in HRV has been shown to precede the clinical expression of cardiac autonomic neuropathy in both type 1 and type 2 diabetes\[[@B32]\]. However, in this study, VC restored normal HRV and, thus, normal autonomic control of heart in type 2 diabetic rats.

It was evident in this study that although both parasympathetic and sympathetic regulatory activities were greatly reduced, parasympathetic regulation was much more reduced, giving rise to sympathetic dominance and disruption of normal autonomic balance between sympathetic and parasympathetic regulations. Sympathetic dominance in the diabetic rats was demonstrated by the significantly increased normalised low frequency and LF/HF ratio. In addition, autonomic balance diagram revealed a shift from the region of optimal balance to the region of both sympathetic and parasympathetic inhibition or burnout accompanied with sympathetic dominance. Also, in this study, TH positive neurons were identified in the intracardiac nerve ganglion of all groups. But, unlike VC group, the diabetic group had markedly increased density of TH positive neurons at week-2 and sparse neurons at week-4 of diabetes showing sympathetic overactivation\[[@B33],[@B34]\] which progresses into autonomic burnout/low autonomic tone and denervation. Sympathetic dominance on heart rate variability is a clear indication of cardiovascular autonomic neuropathy\[[@B32],[@B35]\]. Furthermore, autonomic imbalance or dysfunction impairs the ability of the autonomic nervous system to regulate the cardiovascular system\[[@B9]\]. VC administration not only restored both vagal and sympathetic tone to normal levels, but also re-established normal vagal dominance and sympathovagal balance, thus ameliorating CAN.

Hyperglycaemia of diabetes has been implicated as the chief cause of CAN by causing excessive non-enzymatic glycation of proteins, with marked inactivation of enzymes; tissue damage, increased lipid peroxidation and a great imbalance in the antioxidant defence systems\[[@B36],[@B37]\]. Reduced VC and GSH were observed in diabetic rats. In addition, there was increased lipid peroxidation, SOD, NO and MPO in diabetic rats in this study. However, plasma VC and GSH deficiencies were ameliorated upon exogenous administration of VC. Glutathione is known to catalyse the detoxification of lipid peroxides and to regenerate oxidized VC back to its active form\[[@B38],[@B39]\], while VC, in turn, spares GSH from oxidation (Interdependence). SOD is required for the dismutation of superoxide and is used as an indirect assessment of super oxide anion production. Although SOD is considered as one of the enzymatic antioxidants defence and is the first in line in scavenging super oxide anion, it depends on other enzymatic antioxidants like glutathione peroxidase/glutathione to neutralise its product of dismutation. Increased plasma superoxide generation has been reported to predict cardiac autonomic nerve function and mortality in diabetic patients\[[@B40]\]. In addition, overproduction of superoxide promotes the production of hydroxyl radicals which initiate lipid peroxidation process. Lipid peroxidation has been said to play an important role in the pathogenesis of diabetic complications. In this study, MDA, a product of lipid peroxidation, was increased in type 2 diabetic rats. The increased lipid peroxidation may be due to oxidative stress or hyperglycaemia and is a major cause of atherosclerosis, oxidative damage to cells and cardiovascular disease in diabetic condition. VC inhibited lipid peroxidation in type 2 diabetic rats as shown by the reduction in MDA in treated rats. VC is an excellent source of electrons; therefore, it can donate electrons to free radicals such as hydroxyl and superoxide radicals, and quench their reactivity\[[@B41]\] thus, ameliorating oxidative stress which is a key factor in CAN production.

Elevated levels of NO and MPO observed in diabetes are particularly deleterious to the cardiovascular system. At a moderate physiological level, NO is a signalling molecule in diverse physiological processes such as neurotransmission, blood pressure regulation, smooth muscle relaxation and immune regulation\[[@B42]\]. However, excess NO is cytotoxic because it acts as a pro-oxidant at high concentrations and gives rise to the formation of other reactive nitrogen species such as peroxynitirte which oxidizes lipids, DNA and activates poly ADP-ribose polymerase pathway -- one of the major pathways implicated in the aetiology of CAN\[[@B43]\]. Also, nitric oxide has been found to modulate the catalytic activity of MPO\[[@B44]\]. Myeloperoxidase catalyses the production of hypochlorous acid (an oxidant) as an immune response, albeit elevated MPO is harmful as it catalyses vascular nitro tyrosine formation\[[@B45]\], oxidizes lipoproteins and is proatherogenic\[[@B46]\]. However, VC administration to the diabetic rats downregulated NO and MPO to physiological levels, thus, preserving their beneficial bioactivity.

Apo B is the structural backbone of all atherogenic lipids, while Apo A1 is the structural backbone of HDL and all good lipids. Apo B/A1 is a better marker of dyslipidaemia and cardiovascular disorders risk prediction than convention lipid measures such as LDL/HDL\[[@B47]\]. In addition, Apo B/A1 ratio can be used to evaluate cardiovascular disease risk in diabetic patients\[[@B48]\]. In this study, Apo B was increased in untreated type 2 diabetic rats but not in VC treated diabetic rats while apo A1 was increased in VC treated rats giving rise to an increased apo B/A1 ratio in diabetic rats and decreased apo B/A1 ratio in VC treated rats. Apo A1 has been found to have a strong inverse association with the development of cardiac autonomic neuropathy in diabetic patients\[[@B49]\]. VC has been shown to increase plasma HDL (which is mainly made up of apo A1), and also protect against its oxidation, preserving its cardioprotective properties\[[@B50]\]. This study also showed that VC directly correlated with Apo A1 and inversely correlated with both Apo B and Apo B/A1 ratio, which is an index of cardiovascular disease\[[@B48]\]. VC may, thus, have hypolipidemic effect reducing circulating atherogenic lipids and, as a result, protecting cardiovascular functions.

In conclusion, this study has demonstrated that VC may have direct and indirect effects on the amelioration of cardiac autonomic neuropathy by possibly combating oxidative stress, protecting the autonomic nerves from oxidative stress damage, preventing lipid peroxidation, promoting nerve regeneration, maintaining normal autonomic tone and balance, and ameliorating dyslipidaemia. Thus, VC may be an adjuvant therapy in the prevention or amelioration cardiac autonomic neuropathy in patients living with type 2 diabetes. However, human studies may be necessary to evaluate this.

ARTICLE HIGHLIGHTS
==================

Research background
-------------------

Complications of diabetes such as cardiac autonomic neuropathy has been attributed to increased oxidative stress secondary to hyperglycaemia. This makes reduction of oxidative stress an attractive therapeutic pathway in the prevention and/or management of cardiac autonomic neuropathy. Thus, this study hypothesises that administration of high dose of 1 g/kg·d of vitamin C (VC) to type 2 diabetic subjects may prevent or ameliorate cardiac autonomic neuropathy.

Research motivation
-------------------

The motivation for this study is to increase the quality of life of diabetics, reducing the morbidity and mortality due to cardiovascular and neuronal events in them. This study proposes that high dose VC may possess neuronal and cardio protective effects thus preventing or ameliorating cardiac autonomic neuropathy in diabetic subjects.

Research objectives
-------------------

The main objectives of this study were to evaluate the cardiovascular ad neuro- protective effects of VC administration in diabetics. The effects of VC on cardiovascular functions, autonomic functions, oxidative stress and lipid metabolism were investigated.

Research methods
----------------

Heart rate variability electrophysiology was employed to assess cardiac autonomic neuropathy in Wistar rats. Tail flick blood pressure monitor was used to assess cardiovascular functions such as blood pressure and heart rate. Apolipoproteins were measured using immunoturbidimetry, oxidative and inflammatory markers were measured spectrophotometrically while tyrosine hydroxylase immunohistochemistry was employed to study autonomic activity in the heart.

Research results
----------------

The findings of this study reveal that VC reversed cardiac autonomic neuropathy in diabetics and thus might be a useful adjuvant in the management of diabetes to improve the quality of life of diabetics. VC effects on other diabetic neuropathies should be evaluated. Also, VC as an adjuvant therapy to diabetic patients should be investigated in clinical trials.

Research conclusions
--------------------

This study hypothesises that VC may ameliorate cardiac autonomic neuropathy. VC was found to reverse abnormal heart rate variability and preserve normal cardiovascular functions, protect autonomic nerves from oxidative damage and to possess lipid lowering potential in diabetic condition. The implication of this study is that VC may be used in the management of diabetic patients to prevent the progression of neuropathies and cardiovascular events in them, thereby improving their quality of life.

Research perspectives
---------------------

Human studies may be needed to evaluate VC effects in diabetic patients. Interactions of VC with antidiabetic drugs in diabetic subjects should be examined. Also, further studies are required to elucidate the molecular pathway *via* which VC exert cardio- and neuro- protective effects in diabetic condition.
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